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Stirred tank turbulence and fluid flow characteristics are analyzed based on a two-
zone model. Instead of using the zonal model for stirred tank performance prediction
as often proposed in the literature, the zoning is used here as a tool for mixing
analysis. A systematic zoning approach is proposed, where the tank is divided into two
nested regions. By gradually increasing the inner zone volume, continuous curves can
be obtained for turbulent energy dissipation distribution and pumping numbers
between the zones as functions of the zone sizes. It is shown here that these curves can
be used as a powerful tool for visualizing stirred tank performance. They can be used,
e.g., in impeller performance comparisons and analysis of mixing characteristics with
changing rheology, or to examine various numerical aspects related to stirred
tank CFD modeling. © 2009 American Institute of Chemical Engineers AIChE J, 55: 2545—
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Introduction

Modeling of local conditions in stirred tanks is of funda-
mental importance, especially in cases where the tank per-
formance is dictated by physical phenomena whose time
scales are shorter than the vessel mixing time. Most notably,
the impeller region has typically an order of magnitude
higher turbulent energy dissipation than the bulk region.
This is important when dealing with mass transfer or chemi-
cal kinetics.

In the past, this need has been addressed by various model-
ing approaches. In the simplest ones, the tank is divided in
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just two sections: the impeller and the bulk regions. A further
improvement can be made by dividing the tank into several
regions that are separately assumed completely mixed. Con-
nections between these regions can be obtained by computa-
tional fluid dynamics (CFD) modeling or by measurements.

Accurate calculation of the most important fluid flow
parameters, namely fluid velocity, turbulent kinetic energy,
turbulent energy dissipation, and pressure gradients, usually
requires more CFD control volumes than a satisfactory
simulation of chemical concentrations or reaction Kinetics.
An attractive approach would then be either calculating flow
patterns with CFD or by measuring the flow patterns
directly. Then actual reactor performance with chemical and
mass transfer rate models can be predicted with a simpler
block, or zone, models. This approach has also been success-
fully applied in the past.'™°
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In this contribution, we take advantage of the simplest
zonal models, namely the two-zone models, from a different
perspective. The models are not just analyzed based on their
capability to predict some stirred tank performance charac-
teristics, but rather these simple models are used as a new
and illustrative tool for visualizing the most important
mixing properties of various tank configurations. Further-
more, the results that can be obtained from these simple
zone models introduce a new way to verify CFD results and
compare various computational grids and numerical
schemes.

An important practical aspect in stirred tank reactor design
is the choice of tank geometry and particularly selection of
appropriate impeller type. There are numerous impeller
selection guidelines available in the literature.''™'* The
proposed analysis with two-zone models could give valuable
insight into the selection process by offering a simple way
of visualizing mixing characteristics of various configura-
tions. These advantages are discussed in the following
sections.

Zonal Modeling

In this work, we analyze some of the simplest zone mod-
els, most notably those where the tank is divided only in
two nested zones. This kind of two-zone modeling can be
used as a first step toward realistic description of fluid flow
within stirred tanks, and indeed it has been used for it in the
past, although not with such a systematic manner as pro-
posed here.'*13

The most important variables describing mixing within the
zones are as follows: (1) distribution of turbulent energy dis-
sipation between the zones and (2) pumping numbers
between the zones, describing the flow rate at the zones
boundary. By gradually increasing the inner zone volume, a
continuous pumping number curve can be obtained, describ-
ing the material exchange between the inner and outer zones
for any zoning generated by the present approach. Another
continuous curve can be similarly obtained for the average
turbulent dissipation distribution between the zones. These
curves represent one-dimensional projections of the three-
dimensional turbulent energy dissipation and fluid flow fields
in the tank. Tank division for the zoning is illustrated in
Figure 1.

By defining a scalar parameter A in such a manner that it
assumes a value of zero when the smaller zone is just the
impeller swept volume, and approaches one as the smaller
volume simultaneously coincides the tank total volume at
each direction, the tank can be divided into these two
regions in a unique manner. Other methods of division, e.g.,
those based on some flow variables such as turbulence
levels, could be used as well, but they would produce a
division which is case dependent, making comparison and
analysis of the figures more unclear. Note that the zone
volume is proportional to the third power of A.

There are two, perhaps even more useful, results from the
present zoning scheme. The first result is that the proposed
zoning brings us a new and simple tool for analyzing stirred
tank operation by giving us two simple graphs that can be
used for easily comprehendible visualization of fluid flow
and turbulence characteristics. This visualization can be used
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Figure 1. Zoning of a stirred tank.

When 4 = 0, impeller region coincides with the impeller
swept volume, and when A = 1, impeller region encom-
passes the whole tank.

for improved understanding of mixing during stirred tank
design and impeller selection. The second result from the
zoning is a new method for analyzing CFD result quality.

Results and Discussion

In this work, several CFD cases were calculated with CFX
5.7 software, and analyzed based on the zoning scheme. All
simulations were carried out in a steady-state mode using
the multiple frames of reference-approach for impeller mod-
eling and Reynolds averaged Navier-Stokes (RANS) equa-
tions as material and momentum balances. This approach
was chosen because it is widely used and is a reasonable
compromise between computational speed and result accu-
racy. For the Rushton turbine cases, the mesh was structured
and evenly divided. The impeller type test simulations were
carried out with unstructured meshes due to complex impel-
ler geometries. Average flow rate between the zones were
calculated in each case (average flow rate from outer-to-
inner and inner-to-outer zones). Naturally these flow rates
should be equal at steady state, but for numerical reasons
there may be small discrepancies in instantaneous values.

First we carried out one phase mixing simulations with
varying tank size and impeller speed to confirm that the
zonal models based on pumping numbers are scale and
impeller speed invariant (Table 1, Cases 1-4), as indicated
in our earlier work.” Then we analyzed numerical issues
such as CFD grid size (spatial resolution), discretization
method and turbulence model (Cases 5-10), rheological
effects with non-Newtonian (viscous shear-thinning) liquids
(Cases 11-14), and finally the impeller type with simulations
carried out for gas—liquid system'® (Cases 15-17). These
cases were chosen so that first a well-known test case was
modeled to study numerical issues (pure water, standard tank
with a Rushton turbine). Then some industrially more
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Table 1. Simulated Cases

Tank Number of Agitation
Volume Global Grid Discretization Turbulence Impeller (W/kg)
Case Tested Effect (dm®) Phases Nodes in CFD Type Model Type (Liquid)
1 Vessel size 14 Water 395,697 2nd order k-¢ Rushton 297
2 Vessel size 20,000 Water 395,697 2nd order k-¢ Rushton 297
3 Power input 194 Water 395,697 2nd order k-¢ Rusthon 1.49
4 Power input 194 Water 395,697 2nd order k-¢ Rushton 5.93
5 Grid size 194 Water 35,737 2nd order k-¢ Rushton 297
6 Grid size 194 Water 120,794 2nd order k-¢ Rushton 297
7 Grid size 194 Water 395,697 2nd order k-¢ Rushton 297
8 Grid size 194 Water 761,425 2nd order k-¢ Rushton 2.97
9 Discretization 194 Water 395,697 1st order k-¢ Rushton 297
method
10 Turbulence 194 Water 395,697 2nd order SST Rushton 297
model
11 Rheology 194 0.25 wt % 395,697 2nd order SST Rushton 2.97
aq. xanthan
12 Rheology 194 0.75 wt % 395,697 2nd order SST Rushton 297
aq. xanthan
13 Rheology 194 2.5 wt % 395,697 2nd order SST Rushton 2.97
aq. xanthan
14 Rheology 194 4.0 wt % 395,697 2nd order SST Rushton 297
aq. xanthan
15 Impeller type, 194 Water—air 120,794 2nd order SST Rushton 2.1
phase
16 Impeller type, 194 Water—air 135,336 2nd order SST Combi-jet 2.1
phase
17 Impeller type, 194 Water—air 154,568 2nd order SST Phase-jet 2.1
phase

relevant cases were tested (non-Newtonian flow and a gas—
liquid system with various impellers) to find out the potential
of the model for real vessel and impeller analysis.

Standard tank geometry (diameter to liquid height ratio D/
H = 1, bottom clearance 1/3 D, four baffles, and surface
baffling) was used in all the simulated cases. Impeller to
tank diameter ratio was 1/3 for the Rushton turbine, 0.46 for
the Combijet, and 0.44 for the Phasejet impellers (the latter
two were provided by Ekato). The base CFD case was simu-
lation of a 200 dm® tank equipped with a Rushton turbine.
In addition to the base case simulation with varying number
of control volumes, we tested the scaling effect with addi-
tional vessel sizes of 14 dm’, 20 m> (scale-up and scale-
down), effect of impeller speed (power input), effect of three
different impeller types, and effect of non-Newtonian fluid.
The simulated cases are collected in Table 1. The simulated
vessel was the same as used in our earlier CFD studies.'”'®

Zoning curve interpretation and the scaling properties
of the zonal models

The first test was related to the scale dependency of the
two-zone model. For the purpose, we simulated three cases
with different tank volumes. One was the base case, one
with a smaller tank volume but with the same relative
energy input as power/unit mass, and one with a larger tank
volume and again with the same relative energy input. After
that, we simulated two additional cases by changing power
input from the base case but keeping the vessel size con-
stant. The power input was changed so that first impeller
speed was lowered to correspond half of the total power
input compared to the base case, and then the impeller speed
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was increased to correspond twice the power input of the
base case.

In Figure 2, zoning curves are shown for various vessel
sizes and impeller speeds. Turbulent energy dissipation is
scaled based on calculated vessel average in all cases shown
in Figure 2. We can see that indeed the zone division
according to the relative turbulent energy dissipation within
the smaller of the two zones, and pumping number between
the zones is scale and impeller speed independent. Impeller
speed dependency is expected to be a valid assumption for
fully turbulent tanks but before significant vortex formation
or surface aeration starts to appear. The vessel size
independent zoning is an expected, but nevertheless, highly
advantageous feature of the model. As it can be further
claimed that the size and the impeller speed independency is
achieved irrespective to the inner zone size, this practically
indicates that all zonal models based on pumping numbers
between the zones are scale and impeller speed independent,
not just the two-zone models used for the analysis here.

Some quite intriguing analysis can be carried out already
from the curves shown in Figure 2. It can be seen that for
the Rushton turbine, a lot of turbulent kinetic energy dissi-
pates in the vicinity of the impeller. This is not a surprise,
but presenting the data as one curve gives us a tool for rapid
analysis of turbulence inhomogeneity within a stirred tank. It
can be readily seen that within the impeller swept volume
(4 = 0; impeller region volume ~0.76% of the total tank
volume), the estimated turbulent energy dissipation rate is
~12 times higher than the vessel average. From the pumping
number curve, we can see that as the smaller zone volume is
increased, the exchange of material between the zones is
increased up to a point where the zones are approximately
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Figure 2. Zoning curves with different tank sizes.
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Relative turbulent energy dissipation (left) and pumping number between the zones (right). Standard tank with rushton turbine, k-¢ turbu-

lence model.

equal in their volumes, and then the exchange decreases as
the inner zone volume approaches the total tank volume.
The leftmost point of the curve corresponds to the flow
across the impeller swept volume, and is approximately
equal to the traditional definition of the pumping number
(although the pumping number is usually defined as the flow
rate slightly outside the impeller tip).

Analysis of CFD results

Another possibility to exploit the zoning curves is in
analysis of CFD results. They give much more information
compared to that obtained by simply looking at the total
power dissipation or impeller pumping number, yet the anal-
ysis can be carried out with a single glimpse. In Figure 3,
results are shown for the base case with various computa-
tional grid densities. In Figure 4, discretization method and
turbulence model effects are compared. The cases are shown
in Table 2 along with calculated average power dissipation
per unit mass. In Table 2, calculated turbulent energy dissi-
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pations are also compared to the measured one. It can be
seen that coarse grids resolve only a small part of the turbu-
lent dissipation (with 35,737 grid nodes only 10.8% of the
total energy dissipated), and even with the finest grid tested
(761,425 nodes) the calculated dissipation is slightly less
than halve of the total energy input. No significant difference
is observed between the SST and k-¢ models except at the
regions of highest turbulence dissipation, where SST predicts
lower dissipation levels than k-¢. With the first-order discre-
tization, the number of nodes needs to be considerably
higher compared to the second-order discretization for any
specified accuracy in turbulence modeling. By comparing
Cases 6 and 9, it can be seen that with the first-order method
the required number of nodes to predict a certain turbulent
dissipation level (about 25% of the measured value) was
approximately three times the number of nodes with the
second-order discretization method.

Usually, CFD results are analyzed based on the predicted
pumping number and the total energy dissipated via the tur-
bulent mechanisms. It is well known that insufficient number
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Figure 3. Zoning curves with various CFD grid resolutions.
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Figure 4. Effect of discretization order and turbulence model for the zoning curves with 400 k computational grid

size.

of control volumes leads to under-predicted energy dissipa-
tion. Prediction of turbulent energy dissipation levels can
also fail from other numerical reasons, such as steady-state
calculation of inherently unsteady-state flow, or from inap-
propriate turbulence modeling, just to name a few. For such
chemical and physical closure models that require accurate
turbulence modeling, the first assumption is to scale the cal-
culated turbulent energy dissipation field so that its integral
corresponds to the measured power input, or if it is not
known, a more accurate estimation calculated from the
impeller torque obtained from the CFD results. This
approach has been applied in the past.>'®'"'" However,
when looking at Figure 3, it seems that this kind of linear
scaling is not exactly correct but only a first approximation.
Turbulence dissipation level is under predicted more
severely near the impeller where turbulence levels are
higher, compared to the more quiescent regions of the
vessel. This suggests that a nonlinear scaling of turbulent
dissipation should be applied, i.e., turbulent dissipation levels
should be multiplied with larger scaling factors in regions
where dissipation is higher and smaller scaling factors in the
quiescent regions.

A plausible explanation for the curve shapes in Figure 3 is
that a coarse grid cannot capture trailing vortices and other
small-scale turbulent structures in the vicinity of the impel-
ler. At impeller zone volume fractions of ~0.1-0.4, a coarse
grid predicts that most of the kinetic energy remains at large
flow structures, indicated by the pumping number, whereas
the finer grids predict that the flow rates are hindered near
the impeller, perhaps due to larger fraction of the kinetic
energy dissipating via small-scale turbulent structures. This
kind of analysis is much simpler with the proposed zoning
curves than with the full 3D CFD simulation results. An
additional interesting feature with the 800 k grid was that
the CFD simulation did not fully converge to a steady-state
solution, but rather had a slightly oscillatory solution. It is
possible that there is a nonsteady state phenomenon with the
finest grid, such as interaction between the impeller and the
baffles, which is not yet resolved with the coarser grids. It is
also surprising that there is still some grid dependency
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between 400 and 800 k grids despite relatively simple geom-
etry.

Non-Newtonian fluids

Deviation from Newtonian behavior can appear in many
ways, but common to non-Newtonian fluids is that their
rheological properties strongly affect both the fluid flow
pattern and the turbulence in stirred tanks. One of the most
commonly encountered non-Newtonian behaviors is pseudo-
plasticity, where apparent viscosity decreases as shear rate is
increased. This leads to relative increase of flow rates and
mixing close to the impeller, and reduced mixing far from
the impeller region. In most severe forms, this leads to
cavern formation and completely stagnant regions within the
stirred tanks when fluids with a yield stress are mixed.
Although appropriate choice of impeller is important for
mixing of Newtonian fluids, it is absolutely crucial for
viscous non-Newtonian fluids. The zoning curves can be
again used for the analysis of non-Newtonian fluid mixing
and the appropriate choice of impellers.

In Figure 5, zoning curves are shown for five fluids with
different viscosity characteristics. The reference case is
water, and the other cases are 0.25, 0.75, 2.5, and 4.0 wt %
xanthan solutions. Xanthan is a well-known compound that
is produced in large amounts by fermentation in stirred

Table 2. Simulated Turbulent Energy Dissipations with
Varying Grid Size, Discretization Method,
and Turbulence Model

Discretization Calculated Power

Global Method Order, Dissipation

Case Grid Turbulence (% of the
Number Nodes Model Measured Value)
5 35,737 2nd, k-¢ 0.32 W/kg (10.8%)
6 120,794 2nd, k-¢ 0.69 W/kg (23.2%)
9 395,697 1st, k-¢ 0.77 W/kg (25.9%)
7 (base) 395,697 2nd, k-¢ 1.09 W/kg (36.6%)
10 395,697 2nd, SST 1.16 W/kg (39.1%)
8 761,425 2nd, k-¢ 1.43 W/kg (48.1%)
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Figure 5. Zoning curves for some aqueous xanthan mixtures.

tanks. It possesses a pseudoplastic behavior, and its apparent
viscosity is a strong function of concentration.”® These
results were calculated again with CFX 5.7, but now
using SST model for turbulence. This was necessary due to
large variations in turbulence levels, and especially due to
almost laminar flow far away from the impeller region. The
k-¢ model predicted unphysical turbulence levels at the
quiescent regions of the vessel in concentrated xanthan
simulations.

It can be seen that as xanthan is added to the system, at
first there is no significant change in fluid flow. As the xan-
than concentration is increased above 0.25 wt %, the flow
rates starts to decrease except very near the impeller tip,
where pumping numbers remain at constant level due to
unaltered impeller speed. Above 2.5 wt %, there is no fur-
ther visible change in the zoning curves. In the turbulent
energy dissipation curve, there is a noticeable change very
near the impeller at the same xanthan concentrations where
a change in the pumping number curve is observed. Interest-
ingly, the turbulence dissipation near the impeller first
decreases as the xanthan concentration is increased, but at
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Figure 6. Zoning curves for three different impellers.

high concentrations it is increased again. In general, differen-
ces between turbulent energy dissipation levels further away
from the impeller are surprisingly small.

Zoning curves for various impellers

It is well known that various impellers possess very differ-
ent mixing characteristics. Some impellers are designed for
dispersion, with correspondingly high maximum turbulent
energy dissipation. Other impellers are designed mainly for
bulk mixing, or perhaps solids suspension. Optimal impellers
for high gassing rates are usually different from those that
can be used for low dispersed phase fraction liquid-liquid
systems. Although there is a plethora of impeller selection
guidelines for various mixing tasks, the zoning curves could
be one further useful way of comparing various impeller
types and understand the underlying differences between
their dispersion and pumping characteristics. As an example,
zoning curves for three different impellers are shown in
Figure 6. The Rushton turbine is compared with Phasejet
and Combijet impellers by Ekato in gas dispersion
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Two phase flow, SST turbulence model with 2.1 W/kg mixing power, and 0.7 vvm gassing rate.
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conditions. In the examples shown here, the gassing rate is
not particularly high so that the Rushton turbine case
remains realistic (none of the impellers are flooded). The lat-
ter impellers are designed for gas dispersion at high gassing
rates, and they do not suffer a dramatic drop in power num-
ber under heavy gassing as the Rushton turbine does. Further
details of the simulated system can be found in Ref. '®. In
this comparison, the zoning always starts (i.e., 4 = 0) from
the impeller zone corresponding to the impeller swept vol-
ume by Rushton turbine.

From Figure 6, it can be seen that for the two impellers
designed for gas dispersion at high gassing rates, the
turbulent energy dissipation in the vicinity of the impeller
is much lower than with the Rushton turbine. This is
most probably a common feature for all impellers
designed mainly for pumping action. Pumping numbers
are also smaller for small impeller zone volumes, but
higher for large impeller zone volumes. This indicates that
mixing with Rushton turbine is not as effective further
away from the impeller region as compared with the two
other impellers.

It must be noted that for some impeller designs, e.g.,
anchor impellers, the zoning procedure should be modified.
If we start from a smaller zone confined within the impeller
swept region, the impeller zone would already accommodate
considerable fraction of the total tank volume, and much of
the relevant flow patterns would already be confined within
the impeller zone. In those cases, it is necessary to reformu-
late the zoning, e.g., in such a way that the inner zone starts
from the tip of the axis and grows then similarly as in the
base case.

Future prospective

It is clear that the proposed zoning is only one possible
way of obtaining the zoning curves. It is best suited for sim-
ulations of stirred tanks equipped with a single and relatively
small impeller. In case of large impellers, the results would
be most probably as illustrative as in the examples given
here, but the zoning scheme should be modified so that the
focus is also within the impeller swept volume. In cases of
multiple impellers, it is possible to analyze each impeller
separately with the present zoning, or combining all impel-
lers into a single impeller zone composed of several spatially
nonconnected volumes.

In cases of non-Newtonian fluids with severe cavern
formation, more illustrative zoning curves could be
obtained by modifying the zoning scheme so that the
impeller zone reaches the cavern edges simultaneously in
each direction. Then this point would also indicate cavern
volume, and properties within and outside the cavern
would be better represented in the curves. These alterna-
tive zoning schemes could be based on existing cavern
models.”!

The inherently time-dependent characteristics of mixing in
stirred tanks can be represented by the proposed zoning
curves by plotting a set of curves representing snapshot
results of a time-dependent simulation. This article should be
considered as a first step toward a new visualization tech-
nique related to stirred tank models.
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Conclusions

A two-zone model for stirred tanks was proposed. The
model is based on tank division into two nested regions in a
systematic manner. By gradually increasing the inner zone
volume, starting from the impeller swept volume and finally
approaching the total tank volume, continuous curves are
obtained for the most important factors characterizing small-
and large-scale mixing. These are turbulent energy dissipa-
tion distribution and pumping numbers between the zones as
functions of the zone sizes.

The zoning curves were analyzed for various test cases.
Firstly, the well-known scaling property (scale independ-
ency) of the zonal modeling was verified and some general
properties of the curves were discussed. Then the zoning
curves were used for CFD result analysis. It was shown how
grid dependency can be visualized for the whole tank instead
of just using some characteristic integral properties of the
numerically solved flow field. Then the effect of discretiza-
tion scheme (first vs. second order discretization), and the
choice of the turbulence model were visualized and dis-
cussed. After that, the zoning curves were used for analysis
of non-Newtonian fluid mixing. Finally, some characteristics
of various impellers in gas-liquid mixing operation were
examined based on the zoning curves.

In all cases, the zoning curves revealed valuable informa-
tion that can be used for deepening our knowledge of the
mixing processes. They add up one prospective visualization
technique to our set of tools for mixing operation analysis,
with several potential application areas.
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Notation

D = tank diameter, m
Dipmp = impeller diameter, m

H = liquid filled height of the tank, m

N = impeller speed, 1/s

N, = pumping number, N, = Q/NDimp3

Q = volumetric flow rate, m’/s
¢ = turbulent kinetic energy dissipation rate, m?/s®
A = geometric parameter in the zoning
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